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Introduction {#sec001}
============

Numerous studies have been conducted to elucidate molecular mechanisms by which conceptuses of ruminants attach to uterine epithelial cells and form the placenta. It is well documented that efficient biochemical communication between the conceptus and the uterine endometrium is required for conceptus implantation and placentation, leading to the establishment of pregnancy.

On day 8 of ovine pregnancy, the blastocyst hatches from the zona pellucida and begins to secrete a cytokine, interferon tau (IFNT), which peaks on day 16 and declines soon after the conceptus attaches to the uterine epithelium. It has been shown that along with maternal progesterone secretion, IFNT regulates many endometrial gene expressions, including chemokine (C-X-C motif) ligand 10 (CXCL10) and galactoside-binding, soluble, 15 (LGALS15) \[[@pone.0158278.ref001]--[@pone.0158278.ref003]\]. These proteins are required for conceptus attachment to the uterine epithelium. Despite the data extensively accumulated, low pregnancy rate has not been improved, resulting from early embryonic losses. These observations suggest that a factor or a mechanism, which, along with progesterone and/or IFNT, plays a major role in pregnancy establishment, has not been well-characterized.

Recently, exosomes have gained much attention because they have been implicated in various events such as cancer growth and/or metastasis. In fact, cancer cells uptake exosomes to protect them from genotoxic stress-induced cell death \[[@pone.0158278.ref004]\]. Bone marrow mesenchymal stromal cells from multiple myeloma (MM) patients release exosomes that express increased levels of oncogenic proteins, cytokines, and adhesion molecules to facilitate the growth of MM cells \[[@pone.0158278.ref005]\]. Moreover, it is reported that exosomal integrins, α6β4, α6β1 and αvβ5, are associated with lung and liver metastasis \[[@pone.0158278.ref006]\]. Exosomes have also been identified in many body fluids including cerebrospinal fluids \[[@pone.0158278.ref007]\], urine \[[@pone.0158278.ref008]\], and blood \[[@pone.0158278.ref009]\] as well as uterine flushings (UFs) \[[@pone.0158278.ref010]\]. The presence of exosomes in ovine UFs has been demonstrated and these exosomes are thought to be involved in conceptus-endometrial interactions during the pre-attachment period \[[@pone.0158278.ref011]\]. It was recently shown that endometrial exosomes released into UFs act on the trophectoderm via the toll-like receptors family to induce the secretion of IFNT during the pre-attachment phase of pregnancy \[[@pone.0158278.ref012]\]. These studies focused on the functions of endometrial exosomes on the conceptuses; however, the effects of conceptus exosomes on the endometrium have not been characterized.

Our laboratory has established an *in vitro* co-culture system with bovine trophoblast CT-1 cells and primary uterine endometrial epithelial cells (EECs) to study conceptus attachment processes; however, this co-culture system requires UFs from pregnant ewes to mimic the *in vivo* attachment process \[[@pone.0158278.ref013], [@pone.0158278.ref014]\]. Compared to UFs from cyclic animals, UFs recovered from pregnant animals during the attachment period dramatically changed various gene expressions in CT-1 and EECs. These results suggest that UF components during the conceptus attachment period, including various cytokines and/or exosomes, are essential for biochemical and/or physical interactions between the conceptus and the endometrium. It should be noted that the source/origin of exosomes in UFs could be conceptuses and/or endometrium.

We therefore hypothesized that the UFs during conceptus attachment period contain important molecules of conceptus and/or endometrial origins, which may regulate the uterine environment, facilitating conceptus attachment to the uterine epithelium. To examine this hypothesis, we first characterized the protein content of UFs from day 17 cyclic and pregnant ewes using two dimensional-Polyacrylamide Gel Electrophoresis (2D-PAGE) and Liquid Chromatography-tandem Mass Spectrometry (LC-MS/MS). From the results of LC-MS/MS study, we then used *in silico* analysis to identify exosomal proteins and further investigated the presence and potential function of conceptus exosomes in UFs during the attachment period.

Materials and Methods {#sec002}
=====================

Collection of Ovine Conceptuses/Endometrial Tissues, Uterine Fixation, and Uterine Flushing Preparation {#sec003}
-------------------------------------------------------------------------------------------------------

All animal maintenance, care, breeding and surgical procedures were reviewed and approved by the University of Tennessee Institutional Animal Care and Use Committee (IACUC). Whiteface crossbred ewes were maintained at the farm of the University of Tennessee (UT), Knoxville, TN, USA and animal care, estrous synchronization procedures, and tissue collections were performed in accordance with the guidelines set forth by IACUC \[[@pone.0158278.ref015]\]. Following hysterectomy was performed in the large animal surgical suite of the Johnson Research and Teaching Unit of the University on days 15, and 17 (day 0 = day of estrus), uteri from days 15 and 17 cyclic and pregnant animals (C15, C17, P15, and P17, respectively; n = 3 each day) were flushed with 20 ml sterile PBS (pH 7.2), from which approximately 19 ml uterine flushings (UFs) including elongated conceptuses were collected. UFs were then centrifuged at 1,000 rpm for 5 min, and UFs and conceptuses were collected separately. Endometrial tissues were sampled from the uterine horns ipsilateral to the corpus luteum. All samples were frozen immediately in liquid nitrogen, and were transferred to the Laboratory of Animal Breeding at The University of Tokyo.

For uterine fixation, uteri from pregnant ewes on day 17 of gestation (n = 3) were removed and subjected to whole uterus fixation immediately after slaughter \[[@pone.0158278.ref016], [@pone.0158278.ref017]\]. Fixed, whole uteri were serially dissected into proximal to distal uterine segments, and each section was then paraffin-embedded. These paraffin-embedded tissue samples had been transported to the Laboratory of Animal Breeding at The University of Tokyo. These fixed-tissue blocks were sectioned (5 μm) and evaluated for the presence of conceptus microscopically after hematoxylin-eosin staining \[[@pone.0158278.ref016]--[@pone.0158278.ref018]\].

Isolation of Exosomes from Uterine Flushings {#sec004}
--------------------------------------------

Exosomes were isolated from 1 ml of C15, C17, P15 and P17 filtered UFs (n = 3) by adding 200 μl exosome precipitation solution (Exo-Quick-TC, System Biosciences, Mountain View, CA). The UFs with Exo-Quick-TC were incubated overnight at 4°C and then centrifuged at 1,500 x g for 30 min at 4°C to pellet exosomes. Exosomes were suspended and their protein concentration adjusted in PBS (1 μg/μl) for transmission electron microscopy analysis, nanoparticle tracking analysis, and *in vitro* culture experimentation or in mammalian protein extraction reagent (M-PER, Thermo Fisher Scientific, Inc., Waltham, MA) for western blot analysis.

Cell Preparation and Culture Conditions {#sec005}
---------------------------------------

EECs were isolated and cultured as previously described \[[@pone.0158278.ref019]\]. In brief, uteri of healthy Holstein cows were obtained from a local abattoir in accordance with protocols approved by the local Institutional Animal Care, Use and Ethics Committee at Okayama University, Okayama, Japan. Uteri of the early luteal phase (Days 2--5) were excised and immediately transported to the laboratory. To detach EECs, the uterine lumen was trypsinized (0.3% w/v), from which EECs were isolated \[[@pone.0158278.ref019]\]. The isolated EECs were cultured on collagen type IA-coated six-well plates in Dulbecco-modified Eagle medium/F12 (DMEM/F12) (1:1) medium (Wako Pure Chemical Industries, Ltd., Osaka, Japan) supplemented with 10% (v/v) newborn calf serum (Invitrogen, Tokyo, Japan), 2 mM glutamine (Invitrogen), and antibiotic/antimycotic solution (Invitrogen) at 37°C under 5% CO~2~ in humidified air. EECs were used within four passages to avoid changes in cell characteristics, specifically down-regulation of steroid receptor expression \[[@pone.0158278.ref013]\]. In the *in vitro* cultures, EECs (1 × 10^5^ cells/well) placed onto collagen type IA-coated six-well dishes were incubated with 10 μg proteins from P17 UFs, or C15, C17, P15, or P17 exosomes in serum-free DMEM/F12 for 48 h, all of which treatments were similar to those described previously \[[@pone.0158278.ref020]\].

Transmission Electron Microscopy {#sec006}
--------------------------------

The exosomes in PBS were placed on carbon-film grids for 2 min, from which excess PBS was removed by touching one end of the grid with the filter paper. After grids were partially dried, the staining solution, 2% uranyl acetate in water, was added to grids and allowed to settle for 2 min. The excess liquid was blotted off by filter paper, and grids were allowed to dry overnight at room temperature. Grids were analyzed by using a HITACHI H-7600 Transmission Electron Microscopy (TEM, Hitachi High-Technologies Corporation, Tokyo, Japan), of which analysis was carried out at Hanaichi UltraStracture Research, Inc., Aichi, Japan.

Nanoparticle Tracking Analysis {#sec007}
------------------------------

Nanoparticle tracking analysis of exosomes, isolated from P17 UF and suspended in PBS, was performed using NanoSight NS300 (NanoSight Ltd, Amesbury, UK) instrument with a 488 nm laser and a complementary metal-oxide-semiconductor (CMOS) camera (Andor Technology, Belfast, UK) and NanoSight NTA 3.2 software calibrated with 100 nm polystyrene beads (Thermo Fisher Scientific, Inc.). Particle suspensions were diluted with PBS to adjust a concentration of 2--6 x 10^8^ particles per milliliter. Videos were recorded for 30 seconds during which the nanoparticle tracking analysis software (NanoSight Ltd) tracked each visible particle. The Stokes-Einstein equation was employed to determine the size distribution and number of particles (concentration) within the sample.

2D-PAGE {#sec008}
-------

10 μl of C17 and P17 UFs (1 μg/μl) were dissolved in 90 μl urea buffer (0.06 M Tris hydroxymethyl aminomethane, 1 M thiourea, 6 M urea, 3% CHAPS, 1% Triton X-100) and centrifuged at 15,000 × g for 30 min at 4°C. Supernatant was recovered and protein concentrations were measured using Benchmark Plus microplate spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA).

After measuring the protein concentrations, UFs were mixed with 1 M acrylamide solution and were separated in agar gel (pH range: 3--10) (ATTO, Tokyo, Japan) and 5--20% SDS-polyacrylamide gradient gel (ATTO) according to the protocol provided by the manufacturer. After 2D-PAGE, the gel was stained with SYPRO Ruby (Thermo Fisher Scientific, Inc.) overnight and washed with distilled water. The images were then captured using an LAS-3000 camera (FUJIFILM, Tokyo, Japan).

Analysis by LC-MS/MS {#sec009}
--------------------

Proteins especially up-regulated in P17 UFs were identified by LC-MS/MS. After SDS-PAGE, the spots of these proteins were cut out and treated with trypsin. The tryptic digest was directly analyzed by nanoscale HPLC (MAGIC 2002, Michrom BioResources Inc., Auburn, CA) on a C18 column (0.1 × 50 mm, Michrom BioResources Inc.) coupled to a tandem mass spectrometer (Q-Tof2, Micromass, London, UK) equipped with a nanoelectrospray ionization source. Tandem mass spectra were analyzed using Mascot, which allows for the correlation of experimental data with theoretical spectra generated from known protein sequences. The data were used to search a compiled protein database, NCBInr, which is publicly available (<http://www.ncbi.nlm.nih.gov/>).

RNA Extraction and Quantitative RT-PCR {#sec010}
--------------------------------------

Using the ISOGEN reagent (Nippon Gene, Tokyo, Japan), total RNAs were extracted from days 15 and 17 conceptuses and endometria and cultured EECs according to the manufacturer's protocol. For quantitative real-time PCR (qPCR) analyses, isolated RNA (total 250 ng) was reverse-transcribed to cDNA using ReverTra Ace qRNA RT Kit (Toyobo, Osaka, Japan), and the resulting cDNA (RT template) was stored at 4°C until use \[[@pone.0158278.ref021]\].

Reverse-transcribed cDNA was subjected to qPCR amplification using Thunderbird SYBR qPCR Mix Kit (Toyobo) with 0.3 μM of the oligonucleotide primers listed in [S1 Table](#pone.0158278.s001){ref-type="supplementary-material"}, and qPCR amplification was carried out on an Applied Biosystems STEP One Plus real-time PCR System (Applied Biosystems, Foster City, CA) \[[@pone.0158278.ref022]\]. Amplification efficiencies of each target gene and two reference genes, bovine beta-action (*ACTB*) and glyceraldehyde 3-phosphate dehydrogenase (*GAPDH*), were examined through their calibration curves and found to be comparable \[[@pone.0158278.ref014]\]. The thermal profile for qPCR consisted of 40 cycles at 95°C for 10 sec and annealing and extension at 60°C for 45 sec. Average threshold (Ct) values for each target were determined by Sequence Detection System software v2.2 (Applied Biosystems). Each run was completed with melting curve analysis to confirm the specificity of amplification and the absence of primer dimer.

Western Blot Analysis {#sec011}
---------------------

To determine expressions of macrophage-capping protein (CAPG), aldo-keto reductase family 1, member B1 protein (AKR1B1), tetraspanin protein 63 (CD63), heat shock protein 70 (HSP70), or IFNT protein in frozen samples, conceptuses or endometrial tissues were prepared in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, 0.1% sodium dodecyl sulfate, 1 mM Na~3~VO~4~, and 50 mM NaF). Tissue lysates, UFs or exosomes prepared in M-PER (10 μg/lane) were separated through 12.5% SDS-PAGE and were then transferred onto polyvinylidene difluoride (PVDF) membranes (n = 3) (Millipore, Milford, MA). After blocking with Block Ace reagent (DS Pharma Biomedical, Osaka, Japan), membranes were incubated with a goat polyclonal anti-human CAPG polyclonal antibody(2 μg/ml, sc-33084, Santa Cruz Biotechnology, Inc., Dallas, TX), a rabbit polyclonal anti-human AKR1B1 antibody (1 μg/ml, sc-33219, Santa Cruz Biotechnology, Inc.), rabbit monoclonal anti-bovine IFNT antibody (1:1000 dilution, Eurofins Genomics, Inc., Ebersberg, Germany), rabbit monoclonal anti-human ACTB antibody (for internal control, 1:1000, ab1801, Abcam, Tokyo, Japan), rabbit polyclonal anti-human CD63 antibody (for exosome marker, 0.25 μg/ml, EXOAB-CD63A-1, System Biosciences), or rabbit polyclonal anti-human HSP70 antibody (for exosome marker, 0.25 μg/ml, EXOAB-HSP70A-1, System Biosciences). Immunoreactive bands were detected using enhanced chemiluminescence (Millipore) after incubation with horseradish peroxidase-labeled SAP solution (APRO life Science, Inc., Tokushima, Japan).

Immunohistochemistry {#sec012}
--------------------

Immunohistochemical analyses were performed on 5 μm paraffin sections of day 17 uterine tissue blocks. Paraffin sections were rehydrated and boiled for 20 min in 10 mM citrate buffer (pH 6.0), and endogenous peroxidase was quenched by immersing in 0.3% (v/v) hydrogen peroxide/methanol, as described previously \[[@pone.0158278.ref017], [@pone.0158278.ref018]\]. A streptavidin/biotin blocking kit (Vector Laboratories, Burlingame, CA) was used to block endogenous biotin according to the manufacturer's instructions. After 30 min incubation with 10% normal goat or donkey serum, the sections were incubated at 4°C overnight with a goat anti-human CAPG polyclonal antibody (2 μg/ml, sc-33084, Santa Cruz Biotechnology, Inc.), or a rabbit anti-human AKR1B1 polyclonal antibody (4 μg/ml, sc-33219, Santa Cruz Biotechnology, Inc.), or the respective negative controls; normal goat IgG (10 μg/ml, sc-2028, Santa Cruz Biotechnology, Inc.) or normal rabbit IgG (10 μg/ml, sc-2027, Santa Cruz Biotechnology, Inc.). Subsequently, the sections were incubated at room temperature for 1 h with either a donkey anti-goat IgG-HRP (1 μg/ml, sc-2020, Santa Cruz Biotechnology, Inc) or a goat anti-rabbit IgG biotin conjugate (1:400 dilution, B8895, Sigma-Aldrich, St. Louis, MO). The immunoreactivity was visualized by means of avidin-peroxidase (1:400 dilution, E2886, Sigma-Aldrich) and AEC substrate kits (Invitrogen) according to the manufacturer's instructions and then examined under light microscope (BX-51, Olympus, Tokyo, Japan).

Statistical Analysis {#sec013}
--------------------

Data are expressed as the mean ± SEM. Significance was assessed using t-test or the Tukey-Kramer test. A *P*-value \< 0.05 was considered statistically significant.

Results {#sec014}
=======

UFs from Day 17 Pregnant Ewes Contain Up-Regulated Proteins {#sec015}
-----------------------------------------------------------

Results from 2D-PAGE revealed that although similar protein migration patterns between C17 and P17 UFs were recognized, P17 UFs contain increased proteins compared to those of C17 ([Fig 1](#pone.0158278.g001){ref-type="fig"}). Spots especially up-regulated in P17 UFs were cut off and subjected to LC-MS/MS analysis, which revealed that a total of 266 proteins were identified from the P17 up-regulated spots (see [S2 Table](#pone.0158278.s002){ref-type="supplementary-material"}). These proteins were further analyzed through the use of Database for Annotation, Visualization and Integrated Discovery (DAVID) (<https://david.ncifcrf.gov/>) and ExoCarta (<http://exocarta.ludwig.edu.au>), resulting in the identification of 13 secretory proteins and 172 exosomal proteins. Based on the previous results of UF analyses \[[@pone.0158278.ref023], [@pone.0158278.ref024]\], the 8 exosomal proteins CAPG, AKR1B1, bcl-2-like protein 15 (BCL2L15), carbonic anhydrase 2 (CA2), isocitrate dehydrogenase 2 (IDH2), eukaryotic translation elongation factor 2 (EEF2), moesin (MSN), and ezrin (EZR) were selected for further analysis.

![Use of 2D-PAGE to identify proteins specific to day 17 pregnant UFs.\
Representative SYPRO Ruby stained 2D gel images of UFs from day 17 cyclic (left) or pregnant (right) ewes. Several spots designated by circle in day 17 pregnant UFs were up-regulated compared to those in day 17 cyclic UFs, which were subjected to LC-MS/MS analysis.](pone.0158278.g001){#pone.0158278.g001}

Up-Regulation of *CAPG* and *AKR1B1* mRNAs are Specific to Day 15 and 17 Conceptuses {#sec016}
------------------------------------------------------------------------------------

To identify the source of exosomal proteins unique to P17 UFs, real-time PCR was executed to examine transcripts of *CAPG*, *AKR1B1*, *BCL2L15*, *CA2*, *IDH2*, *EEF2*, *MSN*, and *EZR* in the RNAs extracted from C15, C17, P15, and P17 endometrial tissues, and P15 and P17 conceptus tissues. *CAPG* and *AKR1B1* mRNAs were up-regulated in conceptus tissues ([Fig 2A and 2B](#pone.0158278.g002){ref-type="fig"}), whereas *BCL2L15*, *CA2*, and *IDH2* mRNAs were expressed in C15, C17, P15, and P17 endometrial tissues ([Fig 2C, 2D and 2E](#pone.0158278.g002){ref-type="fig"}). Expression of *EEF2*, *MSN*, and *EZR* transcripts was similar between endometrium and conceptus tissues ([Fig 2F, 2G and 2H](#pone.0158278.g002){ref-type="fig"}).

![Levels of 8 exosomal transcripts in endometria and conceptuses.\
The relative mRNA expression of 8 exosomal transcripts, *CAPG* (A), *AKR1B1* (B), *BCL2L15* (C), *CA2* (D), *IDH2* (E), *EEF2* (F), *MSN* (G), *EZR* (H), in C15, C17, P15, or P17 endometria (grey bar) and P15 or P17 conceptuses (solid bar) (n = 3 each day). *ACTB* and *GAPDH* were used as internal controls for RNA integrity. Values represent mean ± SEM. \*Statistically significant difference between conceptus and endometrium in each day (P\<0.05).](pone.0158278.g002){#pone.0158278.g002}

CAPG and AKR1B1 Proteins Are Expressed by Conceptuses {#sec017}
-----------------------------------------------------

Since *CAPG and AKR1B1* mRNAs were found only in P15 and P17 conceptus tissues, the expression and localizations of these proteins were further examined in C15, C17, P15, and P17 endometrial tissues, and P15 and P17 conceptus tissues. Western blot analysis revealed that similar to *CAPG* and *AKR1B1* transcripts, CAPG protein was specifically expressed in P15 and P17 conceptuses. Minute expression of AKR1B1 protein was found in P15 and P17 endometrium, but definitive expression was found in P15 and P17 conceptuses ([Fig 3A](#pone.0158278.g003){ref-type="fig"}). To confirm the localizations of CAPG and AKR1B1 proteins associated with its transcript expression *in utero*, immunohistochemical analysis was carried out with paraffin sections from P17 uterine tissues. Consistent with the results from western blot analysis, CAPG and AKR1B1 proteins were localized to the conceptuses, but minute expression of AKR1B1 was also found in the endometrial glandular epithelia ([Fig 3B](#pone.0158278.g003){ref-type="fig"}).

![Expression and localization of CAPG and AKR1B1 proteins in the conceptuses.\
(A) The presence of CAPG or AKR1B1 proteins in C15, C17, P15, or P17 ovine endometria and P15 or P17 conceptuses was examined by western blot analysis. ACTB was used as an internal control. A representative data from three independent experiments containing protein samples from different animals was shown. Endo, endometrium; Con, conceptus. (B) Immunohistochemical detection of CAPG (a, c, and e) and AKR1B1 (b, d, and f) in P17 ovine uteri. Tissue sections were immunostained for CAPG using anti-CAPG antibody (a and c) or normal goat IgG (e) as a negative control. Boxed area in (a) is shown at a higher magnification (c). Tissue sections were immunostained for AKR1B1 using anti- AKR1B1 antibody (b and d) or normal rabbit IgG (f) as a negative control. Boxed area in (b) is shown at a higher magnification (d). Con, conceptus; LE, luminal epithelium; GE, glandular epithelium. Scale bar = 250 μm (a, b, e, and f), or 50μm (c and d), respectively.](pone.0158278.g003){#pone.0158278.g003}

Exosomes Are Present in Cyclic and Pregnant UFs, but CAPG and AKR1B1 Proteins Are Found in Exosomes from P15 and P17 UFs {#sec018}
------------------------------------------------------------------------------------------------------------------------

Western blot analysis revealed that CAPG and AKR1B1 proteins were present in P15 and P17 UFs ([Fig 4A](#pone.0158278.g004){ref-type="fig"}). Transmission electron microscopy detected vesicles of approximately 150 nm in diameter in the isolated pellets ([Fig 4B](#pone.0158278.g004){ref-type="fig"}), and separated exosome preparations from P17 UF were subjected to nanoparticle tracking analysis, revealing a mean of 131.8 nm, standard deviation of 61.9 nm, mode of 102.1 nm, and a range of 50 to 200 nm ([Fig 4C](#pone.0158278.g004){ref-type="fig"}). While exosomal protein markers CD63 and HSP70 were positive in all isolated pellets, CAPG and AKR1B1 proteins were only identified in exosomes isolated from P15 and P17 UFs ([Fig 4D](#pone.0158278.g004){ref-type="fig"}). These results indicated that exosomes containing CAPG and AKR1B1 were secreted from days 15 and 17 conceptuses during the attachment period.

![Identification of exosomal CAPG and AKR1B1 in days 15 and 17 pregnant UFs.\
(A) The presence of CAPG and AKR1B1 in C15, C17, P15, or P17 UFs (10 μg each) was examined by western blot analysis (n = 3 each day). (B) Transmission electron microscopy analysis revealed the presence of approximately 150 nm vesicles in UFs, consistent with exosomes. Scale bar = 200 nm (a) or 100 nm (b). (C) Nanoparticle tracking analysis (n = 3, triplet analysis in each sample) of P17 UF revealed that a range of exosomal size is 50 to 150 nm. Gray area in (C) represents an average from three samples, whereas black area represents SEM. (D) Western blot analysis showed the presence of CD63 and HSP70 in exosomes isolated from C15, C17, P15, or P17 UFs, and the presence of CAPG and AKR1B1 in exosomes isolated from days 15 and 17 pregnant UFs (n = 3 each day). In (A), (B), and (D), a representative one is shown.](pone.0158278.g004){#pone.0158278.g004}

Exosomes Isolated from P15 and P17 UFs Contain IFNT, Which Up-Regulates Interferon Stimulated Genes (ISGs) in EECs {#sec019}
------------------------------------------------------------------------------------------------------------------

Consistent with the study by Ruiz-González et al. \[[@pone.0158278.ref012]\], P15 and P17 UFs contained IFNT, and exosomes isolated from P15 and P17 UFs contained IFNT ([Fig 5A](#pone.0158278.g005){ref-type="fig"}). To study potential functions of these exosomes, UFs or isolated exosomes were added to the cultured EECs, from which RNA was extracted and subjected to qPCR analysis to determine changes in ISGs, *STAT1*, *STAT2*, *MX1*, *MX2*, *BST2*, and *ISG15* transcripts. The results revealed that ISG transcripts in EECs treated with P17 UFs, and P15 or P17 exosomes were up-regulated ([Fig 5B](#pone.0158278.g005){ref-type="fig"}). These results indicated that up-regulation of ISGs expression in EECs could result from the IFNT-containing exosomes released from the conceptuses.

![Presence of IFNT in UFs and exosomes from days 15 and 17 pregnant ewes and the effect of those exosomes on EECs.\
(A) The presence of IFNT in C15, C17, P15, or P17 UFs and exosomes was examined by western blot analysis (n = 3 each day), and IFNT was detected in P15 and P17 UFs. A representative of three independent experiments is shown. (B) Effects of exosomes on EECs. EECs were treated with or without C15, C17, P15, or P17 exosome (10 μg each), or P17 UF (10 μg proteins) for 48 h. RNA was extracted from EECs and subjected to real-time PCR analysis for *STAT1*, *STAT2*, *BST2*, *MX1*, *MX2*, and *ISG15* transcript levels. *ACTB* and *GAPDH* mRNA were used as internal controls for RNA integrity. Values were from three independent experiments, each containing duplicates. Values represent mean ± SEM. \*Statistically significant difference in mRNA levels vs. control (Ctrl) without exosomes or UFs treatment (P\<0.05).](pone.0158278.g005){#pone.0158278.g005}

Discussion {#sec020}
==========

The results from this study provide the evidence that conceptus-derived exosomes are present in P15 and P17 UFs and could potentially function to modify endometrial response during the attachment period. Compared to C17, proteins unique to the existence of conceptuses are predominantly present in P17 UFs, and many of them are associated with extracellular vesicular exosomes and extracellular region/matrix. In addition, CAPG and AKR1B1 predominantly expressed by conceptuses are present in isolated exosomes during the attachment period. Moreover, ISGs mRNA expressions in EECs are up-regulated in response to the exosomes containing IFNT, suggesting that exosomes secreted from conceptuses are involved in the generation of uterine environment required for pregnancy establishment.

Results of 2D-PAGE followed by LC-MS/MS analysis revealed that P17 UFs contained 267 specific proteins, from which DAVID and ExoCarta revealed 13 secretory proteins and 172 exosomal proteins, respectively. These observations, together with the reports that exosomes are present in UFs during the pre-attachment period in ewe \[[@pone.0158278.ref011], [@pone.0158278.ref012]\], indicate that exosomes present in pregnant UFs during the attachment period could be responsible for the regulation of genes in bovine trophoblast CT1 cells and EECs in our previous studies \[[@pone.0158278.ref013], [@pone.0158278.ref014]\].

Conceptus and cancer cells possess various characteristics in common. Both, for instance, undergo an epithelial-mesenchymal transition (EMT) to acquire adhesion and/or invasive competence \[[@pone.0158278.ref022], [@pone.0158278.ref025]\]. In addition, hypoxia promotes cancer cells and conceptus cells for proliferation and angiogenesis \[[@pone.0158278.ref026], [@pone.0158278.ref027]\]. Furthermore, a number of recent evidence indicates that cancer cell-derived exosomes mediate the interaction between cancer cells and their neighboring cells, which play a role in cancer development and invasion \[[@pone.0158278.ref028]--[@pone.0158278.ref030]\]. These findings support a notion that conceptuses produce exosomes to facilitate conceptus-uterine interaction in a manner similar to that whereby cancer cells secrete exosomes to serve as mediators with target cells. Based on this idea, exosomal proteins derived from conceptuses during the attachment period were re-evaluated, and 8 exosomal proteins, CAPG, AKR1B1, BCL2L15, CA2, IDH2, EEF2, MSN, EZR, were selected as more reliable exosomal proteins. Selection of the eight exosomal proteins, out of 172 classified by ExoCarta, was based upon the observations of UFs from pregnant animals as described by other investigators \[[@pone.0158278.ref023], [@pone.0158278.ref024]\]. In addition to the endometrium derived exosomes, CAPG and AKR1B1 expressions found from this study suggest that exosomes derived from conceptuses are present in UFs during the attachment period.

In recent years, several proteomic studies demonstrated that CAPG is overexpressed in various types of cancer \[[@pone.0158278.ref031]--[@pone.0158278.ref033]\], which enhances cellular motility/chemotaxis \[[@pone.0158278.ref034]\], and are associated with increased invasion into collagen type I or chick heart fragments \[[@pone.0158278.ref035]\]. Moreover, AKR1B1 has been shown as a molecule associated with EMT \[[@pone.0158278.ref036]\] and angiogenesis \[[@pone.0158278.ref037]\]. Because conceptus and cancer cells possess various characteristics in common such as EMT and angiogenesis, it is considered that CAPG and AKR1B1 included in conceptus-derived exosomes could be involved in the conceptus attachment similar to those demonstrated in cancer adhesion and/or invasion. However, the elucidation of exact function exhibited by CAPG and AKR1B1 in exosomes, particularly within the context of conceptus attachment to the uterine epithelium requires further experimentation.

Nanoparticles isolated from UFs were confirmed to be exosomes through their size and morphology as seen by TEM and nanoparticle tracking analysis. In addition, CD63 and HSP70 were present in all exosomes isolated from C15, C17, P15, or P17 UFs, indicating that exosomes are present within the uterine lumen in cyclic ewes as well as pregnant ewes \[[@pone.0158278.ref038], [@pone.0158278.ref039]\]. However, CAPG and AKR1B1, which were mainly expressed in P15 and P17 conceptuses, were present only in exosomes isolated from P15 and P17 UFs during the attachment period. This study supports the hypothesis that exosomes containing CAPG and AKR1B1, secreted by conceptuses, are released into the uterine lumen during the attachment period. In the previous analysis by other investigators, 30 conceptus-derived proteins were identified in UFs during the pre-attachment period and were thought to facilitate biochemical and/or physical interactions between the conceptus and the endometrium via a micro-vesicular transport mechanism \[[@pone.0158278.ref024]\]. This and our results suggest that exosomes released from the conceptus could play a role in carrying these proteins.

IFNT has been considered to be the main trophoblast factor which acts on uterine endometrium and abrogates luteolytic mechanisms \[[@pone.0158278.ref040]\], resulting in the continued production of progesterone. Recently, however, extra-uterine or endocrine effects of IFNT have been noted. For instance, MX gene expression predominantly increases in peripheral blood cells (PBMC) in response to initial IFNT signaling in pregnant ewes \[[@pone.0158278.ref041]\]. Compared with the corpus luteum (CL) in non-pregnant ewes, the CL in pregnant ewes has a higher number of neutrophils, which are influenced by IFNT \[[@pone.0158278.ref042]\]. In addition, IFNT induces *ISG15* gene expression in jugular blood and liver tissue and several ISGs including ISG15, STAT1, and STAT2 in CL via uterine veins \[[@pone.0158278.ref043], [@pone.0158278.ref044]\]. It has been reported that blood also contains exosomes for organ-to-organ communications \[[@pone.0158278.ref045], [@pone.0158278.ref046]\]. Results from our studies together with these observations suggest that exosomes including IFNT could be involved in the regulation of ISGs in extra-uterine tissues as well. However, the exact mechanisms by which IFNT directly or indirectly functions on the extra-uterine tissues such as CL or PBMC remain unknown. Further experiment is required to clarify how trophoblast IFNT reaches CL or effects on extra-uterine tissues.

In conclusion, we propose that IFNT-containing exosomes derived from conceptus may facilitate conceptus-endometrium interaction, resulting in the generation of uterine environment required for conceptus attachment to the uterine endometrium.
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